Introduction logs of other components of the Wingless cascade are also implied in the Wnt dorsal induction pathway in the Tcf-1 and Lef-1 define a small subfamily of vertebrate early Xenopus embryo. This has specifically been demhigh mobility group (HMG) box transcription factor onstrated for glycogen-synthase-kinase-3 (GSK3), the genes (van de Wetering et al., 1991  Oosterwegel vertebrate homolog of Zeste-white-3 kinase (He et al., et al., 1991; Castrop et al., 1992a; Travis et al., 1991; , and for vertebrate Dishevelled (Sokol et al., 1995) . Waterman et al., 1991) . This family also includes the less Thus, a Wingless/Wnt cascade appears to be conserved well characterized, embryonally expressed genes Tcf-3 between Drosophila and vertebrates. It is currently unand Tcf-4 (Castrop et al., 1992b; V. K. and H. C., unpub- known, however, how signaling through ␤-catenin or lished data). Tcf-1 and Lef-1 were originally defined as Armadillo would affect the execution of downstream lymphoid-specific transcription factors, but were later genetic programs. found to be expressed in a largely overlapping, complex
Here we describe the in vitro and in vivo interactions pattern during murine embryogenesis (Oosterwegel et between ␤-catenin and a Xenopus member of the Tcf/ al., 1993) . Tcf-1 and Lef-1 perform differential functions, Lef family of transcription factors, XTcf-3. Based on our as evidenced in gene disruption experiments. Tcf-1 Ϫ/Ϫ data, we propose that the ␤-catenin-XTcf-3 complex is mice have a severe defect in T lymphopoiesis, but are responsible for activation of target genes in response otherwise normal (Verbeek et al., 1995) . Lef-1 Ϫ/Ϫ mice to upstream (e.g., Wnt) signals that allow cytoplasmic lack hair follicles and other skin appendages, teeth, and ␤-catenin to interact with XTcf-3. the trigeminal nucleus and die perinatally (van Genderen et al., 1994) . Lef-1 can play an architectural role in the Results with a Tcf-1/Lef-1 probe yielded 12 cDNA clones, which were identified in a stage-17 embryonic cDNA library. These are compared with human Tcf-1 and Lef-1. The HMG domains are boxed, as is the conserved N-terminal region. The sequences diverge in the region C-terminal to the HMG box. A putative nuclear localization signal (NLS) overlaps with the C-terminus of the HMG box (asterisks; Prieve et al., 1996) . (B) XTcf-3 and ␤-catenin constructs used in this study.
Identification of Four
defined four virtually identical genes ( Figure 1A ). These and H. C., unpublished data), the Xenopus genes were termed . Indepengenes belonged to the Tcf/Lef family, but diverged from Tcf-1 and Lef-1 in the region C-terminal to the HMG dently, 19 cDNA clones were obtained from 2-cell-stage embryos by reverse transcription-polymerase chain rebox. Based on high similarity to mammalian Tcf-3 (V. K. action (RT-PCR) using degenerate primers for the conamino acids of XTcf-3 (⌬N) did not interfere with DNA binding, but abrogated the ␤-catenin interaction. The served Tcf/Lef HMG box region. All clones were derived from the XTcf-3 genes, which are identical in this region.
60 N-terminal amino acids of Tcf/Lef proteins are conserved and likely constitute the interaction domain (FigThis implied that the XTcf-3 genes represent the predominant maternally expressed Tcf/Lef family members ure 1A). in the early Xenopus embryo. XTcf-3 was arbitrarily chosen for further analysis.
The expression of XTcf-3 during Xenopus embryogenesis was first documented by Northern blot analysis ( Figure 2A ). Given their virtual identity, expression of all four XTcf-3 genes was visualized simultaneously with the XTcf-3-derived probe. A prominent band of approximately 3.5 kb was observed in RNA from unfertilized eggs and early cleavage stages, confirming the maternal expression of XTcf-3. The mRNA remained present during later cleavage stages and was also found after the midblastula transition (MBT). By in situ hybridization ( Figures 2B and 2C) , we observed XTcf-3 mRNA in the blastocoel roof in stage-7 embryos and in the marginal zone. Much lower levels of expression were observed in vegetal cells of the embryo, which might relate to a general difficulty in visualizing mRNAs in this region by whole-mount in situ hybridization (Smith and Harland, 1992) .
XTcf-3 Binds to ␤-Catenin In Vitro
In a yeast two-hybrid screen for proteins interacting with an N-terminal fragment of human Tcf-1, we retrieved multiple cDNA clones encoding ␤-catenin. The shortest clone started at amino acid 252, while all clones encoded the complete C-terminus. Based on these findings, we wished to assess whether XTcf-3 also could physically XTcf-3. A small deletion removing the N-terminal 31 occasionally seen in or near nuclei, as reported previously (Funayama et al., 1995) . Coinjection with XTcf-3 resulted in translocation of the tagged ␤-catenin to the nucleus in pre-MBT blastomeres. As expected, coinjection with ⌬N (incapable of interacting with ␤-catenin) did not result in nuclear translocation of ␤-catenin. By contrast, coinjection of ␤-catenin with an mRNA encoding amino acids 1-87 of XTcf-3 with a synthetic, C-terminal nuclear localization signal (PKKKRKV; N-NLS in Figure 1B ) translocated ␤-catenin to the nucleus (data not shown). The latter experiment mapped the interaction domain to the N-terminus of XTcf-3.
The ␤-Catenin-XTcf-3 Complex Activates Transcription In a transient reporter gene assay, we tested whether XTcf-3 was capable of activating transcription. To this end, we performed transfections with a CAT reporter plasmid containing a multimerized cognate motif for Tcf/ No effect was seen when ⌬N was cotransfected with ␤-catenin. As expected, a control reporter CAT plasmid carrying mutated versions of the Tcf/Lef-binding motif XTcf-3 Translocates ␤-Catenin to the Nucleus The interaction of XTcf-3 with ␤-catenin in vivo was then (pTK(56Sac) 7 ; van de Wetering et al., 1991) always scored negative. A typical experiment is depicted in analyzed by microinjection of mRNAs encoding epitopetagged versions of XTcf-3 and ␤-catenin into Xenopus Figure 5 . Staining for XTcf-3 and ␤-catenin in the transfected lymphocytes recapitulated the observations embryos. Like Tcf-1 (Castrop et al., 1995) and Lef-1 (Travis et al., 1991) , XTcf-3 and its deletion mutant ⌬N made in microinjected embryos: in brief, transfected ␤-catenin was predominantly cytoplasmic, but was accumulated in the nucleus (data not shown). Overexpressed, epitope-tagged human ␤-catenin accumulated translocated to the nucleus upon cotransfection with intact XTcf-3. Again, the ⌬N protein itself was nuclear, in the cytoplasm before MBT (Figure 4 ), but was also Cells were transfected either with a CAT vector containing a minimal herpesvirus thymidine kinase promoter and an upstream concatamer of the Tcf/Lef cognate motif (pTK (56) 7 ) or with the negative control vector (pTK(56Sac) 7 ). Left, cotransfections were performed with the indicated plasmids: 1 g of CAT reporter plasmid; 2 g of XTcf-3 expression vectors; 4 g of ␤-catenin expression vector; and empty pCDNA vector as stuffer. Right, cotransfection of 1 g of XTcf-3 with 4 g of ␤-catenin and the indicated amounts of ⌬N expression plasmids; pCDNA was used as stuffer. Relative CAT activity is presented in counts per minute. Both values of duplicate transfections are given. Embryos were injected at the 4-cell stage in the equatorial region of one ventral blastomere and screened for secondary axis induction at stages 18-22. Percentages include complete and partial secondary axes. n, number of embryos.
but it failed to transport ␤-catenin to the nucleus (data not shown). Thus, XTcf-3 and the ⌬N protein in isolation accumulated in the nucleus, presumably bound to their cognate DNA motifs, but were transcriptionally inert. By contrast, the ␤-catenin-XTcf-3 complex potently activated transcription. The ⌬N mutant failed to interact with ␤-catenin sulted in a progressive suppression of the induced transcriptional activation ( Figure 5 ). This indicated that the ⌬N mutant could act as a dominant-negative mutant in normal development of the embryos. The frequency of the proposed pathway, providing a tool for probing the axis duplication was still reduced upon coinjection with function of XTcf-3 in vivo.
50 pg of ⌬N RNA (data not shown). The ⌬N-mediated suppression could partially be relieved by coinjection of wild-type XTcf-3 (Table 1) . Axis duplication induced The ⌬N Mutant of XTcf-3 Suppresses Axis Formation by injection of noggin mRNA, which presumably acts in a parallel pathway, could not be suppressed by ⌬N (TaWe analyzed the in vivo function of XTcf-3 in the wellestablished axis formation assay in Xenopus embryos.
ble 1). This demonstrated the specificity of ⌬N-mediated suppression. Injection of full-length XTcf-3 RNA in Xenopus embryos did not lead to severe axial perturbations, nor did it Depletion of ␤-catenin suppresses endogenous axis formation (Heasman et al., 1994) . To test the effects of facilitate axis duplication upon coinjection of suboptimal amounts of ␤-catenin RNA (data not shown). This was our dominant-negative XTcf-3 mutant on endogenous axis formation, we injected ⌬N RNA in both dorsal blaslikely due to the relatively large pools of endogenous XTcf-3, and suggested that the amount of endogenous tomeres of 4-cell-stage embryos. This consistently led to failure of axis formation (Table 2; Figure 7 ). The effect XTcf-3 is not a limiting factor in axis specification.
As reported previously (Funayama et al., 1995) , injecwas maximal when injections were performed in the equatorial region, much weaker when injected in the tion of ␤-catenin in the vegetal ventral region of early cleavage-stage embryos leads to axis duplication. We vegetal region, and virtually absent when injected in the animal region (Table 2) . ⌬N-injected embryos develfound that injection of 500 pg of ␤-catenin RNA (together with 250 pg of control ␤-galactosidase [␤-gal] RNA) conoped normally through the cleavage and blastula stages and completed gastrulation in most cases. Subsesistently induced axis duplication in >50% of the embryos (Table 1; Figure 6A ). Coinjection with comparable quently, the embryos failed to form neural folds and at a sibling stage 27 lacked visible head-tail and dorsalamounts of XTcf-3-encoding RNA did not modify this ␤-catenin effect (data not shown). However, ⌬N was ventral axes (Figure 7) . A closed blastopore was present in these embryos, identifying an anteroposterior axis. In found to be a potent suppressor of ␤-catenin-induced axis duplication (Table 1; Figure 6B ). Coinjection of 500 some cases, the presence of a vestigial dorsal fin ( Figure  7C ) indicated a rudimentary dorsal-ventral axis. Histopg of ␤-catenin RNA with 250 pg of ⌬N RNA strongly suppressed axis duplication and in most cases led to logical sectioning of the embryos revealed no obvious ␤-Catenin, expressed in the absence of XTcf-3, is mostly cytoplasmic. Coexpression of ␤-catenin with XTcf-3 renotochord, somites, or neural tube, nor were any other sults in translocation of ␤-catenin to the nucleus. A small clear structures (e.g., cement gland) present ( Figure 7B) .
Discussion
deletion of the N-terminus of XTcf-3 abrogates the in Embryos showed a three tissue-layer configuration. A vitro association of ␤-catenin, as well as the nuclear very short archenteron was found just inside the blastotranslocation of ␤-catenin in injected Xenopus embryos. pore. In most embryos, including those with a rudimenXTcf-3 by itself binds DNA in vitro, but is inert in a tary fin, the anterior ectoderm was thickened and transient reporter gene assay. By contrast, cotransfecshowed disordered folding. The phenotype resembled tion of XTcf-3 with ␤-catenin potently activates transcription. Again, N-terminal deletion of XTcf-3 abrogates that generated by reduction of ␤-catenin levels reported by Heasman et al. (1994) . The expression of the dorsal the ␤-catenin-dependent activation of transcription. Thus, the transcriptional activation by XTcf-3 is demarker goosecoid (Cho et al., 1991) was very low or absent in stage-11 embryos ( Figure 7E ). Injection of pendent on complex formation between XTcf-3 and ␤-catenin. The ⌬N deletion mutant of XTcf-3 represents equivalent amounts of ␤-gal RNA had no effect on axis specification ( Figure 7D ). Coinjection of ␤-gal RNA with a dominant-negative mutant in the proposed pathway, in that it suppresses the activation of transcription medi-⌬N RNA and subsequent staining with X-Gal revealed that the injected cells actively participated in early emated by the ␤-catenin-wild-type XTcf-3 complex.
The ⌬N mutant provides a tool for probing the in vivo bryonic morphogenetic events, but that proper axis specification did not occur ( Figure 7C) . function of XTcf-3. ⌬N suppresses the formation of an sulting embryos are very similar to those observed by
Northern Blotting
Heasman et al. (1994) , who depleted the endogenous RNA isolation and Northern blot hybridizations were performed as ␤-catenin pool by an antisense strategy or by overexdescribed previously (Destré e et al., 1992 ) with a full-length XTcf-3 pression of cadherins.
probe or a control actin probe.
Based on these data, we propose the following model.
Signaling through the wingless/Wnt pathway results in
In Situ Hybridization the generation of cytoplasmic ␤-catenin in a form that Whole-mount in situ hybridization of albino Xenopus laevis embryos of different stages was performed as described elsewhere using allows the Armadillo repeat region to interact with the antisense digoxigenin-labeled RNA (Harland, 1991) . The XTcf-3 N-terminus of Tcf/Lef factors. XTcf-3 is the most likely cDNA in pBluescript SK was linearized with NcoI (base pair 1360 candidate to mediate ␤-catenin signaling in the Xenopus of cDNA sequence), resulting in a probe spanning the terminal 118 embryo, although we cannot formally rule out the amino acids of the unique C-terminus, as well as 3Ј untranslated involvement of other, yet to be cloned, factors from this sequences. goosecoid cDNA was prepared as described previously family. The nuclear localization signal in XTcf-3 mediates (Cho et al., 1991) . Methods of egg collection, fertilization, microinjection, and culture of embryos have been described previously (Gao the translocation of the ␤-catenin-XTcf-3 complex to the et al., 1994). nucleus. The HMG box of XTcf-3 binds in a sequencespecific fashion to the regulatory sequences of specific Whole-Mount Immunohistochemistry target genes. Other regions in the XTcf-3 protein might Embryos were processed as described previously (Beumer et al., contribute to the specificity of target gene selection. In 1995; Veenstra et al., 1995) . Myc-tagged ␤-catenin (Huelsken et al., our model, activation of transcription of target genes 1994) was detected using a monoclonal antibody (9E10; Santa Cruz Biotechnology). HA-tagged XTcf-3 was detected using the monoonly occurs when XTcf-3 is complexed to ␤-catenin. XTcf-3 are some of the earliest zygotic genes activated and translated from the pT7TS vector using T7 RNA polymerase in after MBT, which themselves are capable of inducing a the Promega T7 TnT rabbit reticulocyte lysate-coupled transcripsecondary axis, e.g., siamois (Lemaire et al., 1995) or tion/translation system according to the instructions of the manufacgoosecoid (Cho et al., 1991) . It has been shown that turer. Gel retardation analysis was performed as described elseboth Xenopus (Watabe et al., 1995) and zebrafish (Joore where (van de Wetering et al., 1991) . In brief, the double-stranded et al., 1996) goosecoid promoters can be activated in gel retardation probe derived from the T cell receptor ␣ enhancer (Travis et al., 1991) In conclusion, the current data place the products of were from Isogen (Amsterdam). For a typical binding reaction, the the XTcf-3 genes directly downstream from ␤-catenin pertinent combinations of extracts (1 l of each) and 1 g of poly(dIand indicate the mechanism by which the axis-specificadC) were preincubated for 5 min at room temperature in 15 l of 10 tion signal of ␤-catenin is transduced to specific genes mM HEPES, 60 mM KCl, 1 mM EDTA, 1 mM DTT, and 12% glycerol. in the nucleus. The existence of multiple Tcf/Lef tranProbe (1 ng) was added and incubated for 20 min. The nondenaturing scription factors and ␤-catenin homologs implies that 4% polyacrylamide gel was run in 0.25ϫ TBE at room temperature. the type of interaction described in this study occurs in CAT Assays multiple developmental processes.
Assay is described in detail elsewhere (van de Wetering et al., 1991) . In short, 2 ϫ 10 6 IIAI.6 B cells were transfected by electroporation Experimental Procedures with the various combinations of plasmids. CAT vectors were (pTK(56) 7 and pTK(56Sac)7 (van de Wetering et al., 1991) . cDNAs Cloning of XTcf-3 encoding tagged versions of ␤-catenin and XTcf-3 were inserted A stage-17 Xenopus embryo cDNA library in GT10 (Kintner and into the mammalian expression vector pCDNA (Invitrogen). After Melton, 1987) was screened at low stringency with murine Tcf-1 48 hr, CAT values were determined as pristane/xylene-extractable, (Oosterwegel et al., 1991) and Lef-1 (Travis et al., 1991) cDNA probes radiolabeled, butyrylated chloramphenicol. according to standard procedures; 12 positive clones were subcloned into pBluescript SK and sequenced. RT-PCR was performed Acknowledgments on cDNA prepared from 2-cell-stage embryos with the primers ATG AAG/AGAG/AATGC/AGG/A/TGCG/A/T/CAAT/GG and TCC/TCGT/ We thank Dr. H. Bos for critically reading the manuscript, Drs. J. CGCG/ACTG/CG/CG/AG/ACCG/AGGATA based on the highest Huelsken and J. Behrens for ␤-catenin cDNAs, Dr. R. M. Harland conserved HMG box sequences of human and mouse Tcf-1 and for noggin cDNA, Dr. E. M. DeRobertis for goosecoid cDNA, Dr. Lef-1. The approximately 120 bp PCR products were subcloned and D. A. Melton for the cDNA library, and Dr. P. Krieg for the pT7TS sequenced.
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